The postprandial activation of the insulin signaling pathway that leads to translation initiation is enhanced in skeletal muscle of the neonate and decreases with development in parallel with the developmental decline in muscle protein synthesis. Our previous study showed that the activity of protein kinase B (PKB), a major insulin signaling component, was higher in 7-than in 26-d-old pigs. To examine the molecular mechanisms involved, we determined PKB isoform abundance and phosphorylation state, the abundance of its kinases, and PKB's association with its kinases. The abundances of total PKB, PKB␣, and PKB␥ were higher in muscle of 7-than in 26-d-old pigs whereas PKB␤ abundance was similar in the two age groups. PKB phosphorylation at Thr308 was higher in 7-than in 26-d-old pigs but PKB phosphorylation at Ser473 was similar in both age groups. The association of PKB with 3'-phosphoinositide-dependent kinase-1 (PDK-1), a kinase that phosphorylates PKB at Thr308, and PDK-1 abundance were higher in 7-than in 26-d-old pigs.
The enhanced activation of the insulin signaling pathway leading to translation initiation after food consumption plays an important role in the enhanced responsiveness of protein synthesis to feeding in skeletal muscle of the neonate (1) (2) (3) (4) (5) . We have shown that the feeding-induced activation of the insulin receptor, insulin receptor substrate-1 (IRS-1), and phosphatidylinositol 3-kinase (PI 3-kinase), as well as the abundance of the insulin receptor, are enhanced in skeletal muscle of neonatal pigs and decrease markedly with development. This response to feeding is mediated by the postprandial rise in insulin level; indeed, amino acids do not influence the activation of early steps of the insulin signaling pathway (6) . The developmental decline in the feeding-induced activation of up-stream insulin-signaling components parallels the developmental decline in the feeding-induced activation of downstream signaling proteins leading to the stimulation of translation initiation in skeletal muscle and the developmental decrease in the ability of insulin to stimulate muscle protein synthesis (2) (3) (4) (5) 7) . Furthermore, the enhanced activation of the insulin receptor in muscle of the neonate is associated with reduced activity of protein-tyrosine-phosphatase-1B (PTP-1B), which functions to dephosphorylate the activated insulin receptor (8) . On the other hand, insulin/IGF-I hybrid receptor abundance, which has been associated with insulin resistance, is not reduced in neonatal muscle (9) . However, the signaling components that regulate the developmental changes in downstream signaling proteins, such as PKB, have not been fully elucidated.
PKB, which is also known as RAC or Akt, is a 57-kD phospholipid-dependent serine/threonine kinase that is activated by growth factors, including insulin, in a PI 3-kinasedependent manner (10) . Studies have shown that PKB plays a major role in linking PI 3-kinase activation to multiple biologic functions of insulin such as glucose transport, glycogen synthesis, and protein synthesis in skeletal muscle, a major target of insulin action (11, 12) . There are three mammalian isoforms of PKB, namely PKB␣, PKB␤, and PKB␥ (13) (14) (15) . They are widely expressed in mammalian tissues and each isoform is composed of an N-terminal phosphatidylinositol(3,4,5)P3-and phosphatidylinositol(3,4,5)P2-binding pleckstrin homology (PH) domain and a C-terminal kinase domain (16) . Almost all of the studies of this enzyme have focused on the PKB␣ isoform. Recently, PKB␣-deficient mice were shown to be significantly smaller than wild-type mice (17) whereas PKB␤-deficient mice were insulin resistant but of normal size (18) . This suggests that it is the PKB␣ isoform that is involved in the regulation of protein synthesis.
Activation of PKB involves a series of events (19, 20) . First, the kinase is constitutively phosphorylated on Ser-124 and Thr-450 in a PH-dependent, growth factor-independent fashion. Second, the kinase is recruited to the membrane via binding of its PH domain to phospholipids by a PI-3-kinasedependent mechanism. Third, the kinase is phosphorylated on Thr-308 and Ser-473 in a growth factor-dependent manner. Although the phosphorylation of Thr-308 and Ser-473 are required for full activation of PKB, the contribution of each site is not equal, inasmuch as phosphorylation of Thr-308 alone increases PKB activity while phosphorylation of Ser-473 does not significantly stimulate PKB (19, 21) . The phosphorylation of Thr-308 is facilitated by PDK1 (22) whereas Ser-473 may be phosphorylated by ILK (23) .
Our previous studies showed that the enzyme activity of PKB in skeletal muscle is markedly higher in 7-compared with 26-d-old pigs (4), consistent with the higher fractional rate of protein synthesis in skeletal muscle of 7-than in 26-d-old pigs (1) . In this study, we investigated the molecular mechanism by which feeding, via the postprandial rise of insulin, activates PKB, leading to an increase in translation initiation processes in neonatal muscle. The results indicate that the developmental changes in the abundance of PKB␣, PKB␥, and PDK-1, the phosphorylation of PKB on Thr308 and PDK-1 on Ser241, and the association of PKB with PDK-1 contribute to the enhanced PKB activity in skeletal muscle of neonatal pigs.
METHODS

Animals.
Eight crossbred (Landrace ϫ Yorkshire ϫ Duroc ϫ Hampshire) pregnant sows (Agriculture Headquarters, Texas Department of Criminal Justice, Huntsville, TX) were housed in lactation crates in individual, environmentally controlled rooms 2 wk before farrowing. Sows were fed a commercial diet (5084, PMI Feeds, Richmond, IN) and provided water ad libitum. After farrowing, piglets remained with the sow but were not allowed access to the sow's diet. A total of eight piglets from four litters, weighing 2-8 kg, were studied at 7 and 26 d of age, respectively.
Pigs within each litter were randomly assigned to one of two treatment groups (n ϭ 4 per age group), and were fasted for 18 h and then fed for 1.5 h after an 18-h fast. Water was provided throughout the fasting period. After the 18-h fast, pigs were given two gavage administrations of 30 mL/kg body weight of mature porcine milk (University of Nebraska, Lincoln, NE) at 60-min intervals. Pigs were killed 30 min after the second gavage feeding. Samples of longissimus dorsi muscle was rinsed in ice-cold saline and rapidly frozen. Materials. BioMag goat anti-mouse IgG and goat anti-rabbit IgG magnetic beads were obtained from Polysciences (Warrington, PA) and the magnetic sample rack was from Promega (Madison, WI). Reagents for SDS-PAGE were from Bio-Rad Laboratories (Richmond, CA). The protein assay kit was purchased from Pierce (Rockford, IL). Anti-PKB␣, anti-PKB␤, and anti-PKB␥ antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-PDK1 and anti-ILK antibodies and an anti-PKB antibody that detects total levels of endogenous PKB␣, PKB␤, and PKB␥ proteins were obtained from Cell Signaling (Beverly, MA). PKB-phospho-specific antibodies (Ser-473 and Thr-308) that recognize all isoforms were purchased from R & D Systems (Minneapolis, MN). The enhanced chemiluminescence Western blotting detection kit (ECL-Plus) was obtained from Amersham (Arlington Heights, IL). Other chemicals and reagents were from Sigma Chemical Co. (St. Louis, MO).
Preparation of tissue extracts. Tissue samples were prepared as described previously (5) . Briefly, samples of frozen muscle and liver were pulverized and homogenized in ice-cold buffer containing (in mM) 50 HEPES, pH 7.4, 150 NaCl, 10 sodium pyrophosphate, 2 Na 3 VO 4 , 1 MgCl 2 , 1 CaCl 2 , 10 NaF, 5 Na-EDTA, 2 phenylmethylsulfonyl fluoride, 25 g/mL leupeptin, 1% IGEPAL, and 10% glycerol. The homogenate was incubated for 45 min at 4°C with gentle mixing and then centrifuged at 35,000 g for 1 h at 4°C. The supernatant was collected, and an aliquot was assayed for protein concentration using the Pierce protein assay kit. Supernatants were used to determine the abundance of PKB isoform, PDK-1, and ILK and the phosphorylation of PKB and PDK1. The supernatants were also used for immunoprecipitation.
Immunoprecipitation. To determine the association of PKB with PDK-1 and ILK, protein samples were immunoprecipitated with an anti-PKB antibody that recognizes all isoforms. The immunoprecipitation procedure was conducted as described by Fox et al. (24) . Briefly, equal amounts of membrane protein (500 g protein in 500 L buffer) were incubated overnight at 4°C with an anti-PKB antibody in 2.5% Triton X-100/PBS. BioMag goat anti-rabbit IgG magnetic beads (1 mL/tube) were washed three times in low-salt buffer (20 mM Tris, 150 mM NaCl, 5 mM disodium EDTA, 0.5% Triton X-100, and 0.1% ␤-mercaptoethanol, pH 7.4) with the use of a magnetic sample rack and were resuspended in 500 L of low-salt buffer containing 1% dry skim milk. Each sample was added to 500 L of resuspended beads and rocked for at least 1 h at 4°C. The beads were captured using a magnetic rack and were washed twice in low-salt buffer and once in high-salt buffer (50 mM Tris, 500 mM NaCl, 5 mM disodium EDTA, 1% Triton X-100, 0.6% sodium deoxycholate, 0.1% SDS, and 0.04% ␤-mercaptoethanol, pH 7.4). The captured beads were resuspended in 100 L 1ϫ sample buffer [2% SDS, 100 mM Tris HCl, pH 6.8, 5% ␤-mercaptoethanol, 12% (vol/vol) glycerol, and 0.02% (wt/vol) Bromphenol blue], boiled for 5 min, and stored at Ϫ80°C until electrophoresis.
Western blot analysis. Equal amounts of protein were subjected to SDS-PAGE (8% wt/vol; Mini-PROTEAN II electrophoresis system, Bio-Rad), as described by Laemmli (25) . Electrophoretic separation was carried out in 1% SDS, 25 mM Tris, and 200 mM glycine (pH 8.4) at 200 V for 45-60 min at room temperature. The proteins were then transferred to an activated polyvinylidene difluoride (PVDF) membrane (Immobilon-P; Millipore, Bedford, MA) in 25 mM Tris, 192 mM glycine, and 20% methanol (vol/vol; pH 8.3) for 1 h at 4°C. The membrane was incubated for 1 h at room temperature in a Tris-buffered saline-Tween 20 solution (TBS-T) containing 10 mM Tris, 0.5 M NaCl, and 0.5% Tween 20, pH 7.4, with 5% (wt/vol) nonfat dried milk added. After the blocking step, the membrane was incubated with one primary antibody (anti-PKB, anti-PDK-1, or anti-ILK antibodies) for 1 h and washed four times in rinsing solution. Membranes were then incubated with secondary antibody (horseradish peroxidase-conjugated IgG fraction of goat anti-rabbit IgG or goat anti-mouse IgG) diluted 1:2000 in TBS-T. The membranes were then washed in TBS-T three times for 10 min and developed with an enhanced chemiluminescence detection kit (ECL-Plus, Amersham Pharmacia, Piscataway, NJ) before exposure onto Kodak-X-Omat film. The blots were quantified by computerized densitometry (Molecular Dynamics, Sunnyvale, CA).
Measurement of site-specific phosphorylation of PKB and PDK-1. Phosphorylation of PKB was determined by Western blot analysis using antibodies specific for PKB when it is phosphorylated at Ser-473 or Thr-308. Phosphorylation of PDK-1 on Ser-241, a residue that is crucial for its activation, was assessed by Western blot analysis using an antibody specific for PDK-1 phosphorylated on Ser-241. The membranes were then stripped and reprobed with an anti-PKB antibody or anti-PDK-1 antibody that recognizes both the phosphorylated and unphosphorylated forms of the proteins. Values obtained using the anti-phospho-PKB antibodies or anti-phospho-PDK-1 antibody were normalized for the total amount of PKB or PDK-1 present in the samples.
Data analysis. To test for differences between age groups, t test was used. Probability values of Ͻ0.05 were considered statistically significant. Data are presented as means Ϯ SE.
RESULTS
PKB isoforms in pig skeletal muscle. Because geneknockout studies indicate that each PKB isoform regulates 720 SURYAWAN AND DAVIS different metabolic functions, we determined the abundances of individual PKB isoforms and total (all) PKB isoforms using Western Blot analysis. As previously reported in a muscle cell line (26) and adult rat skeletal muscle (27) , in this study we found that all PKB isoforms are expressed in neonatal pig skeletal muscle. The abundance of total PKB, which was detected by an antibody that recognizes all isoforms, was significantly higher in 7-compared with 26-d-old pigs (Fig.  1A) . The abundances of PKB␣ and PKB␥ were also significantly higher in 7-compared with 26-d-old-pigs (Fig. 1B and  Fig. 1D, respectively) . On the other hand, the abundance of PKB␤ was similar in both age groups (Fig. 1C) . In this experiment, we did not quantify the relative abundance of each PKB isoform because the effectiveness of the antibody for each isoform may differ.
Feeding induces PKB phosphorylation in an agedependent manner. We have shown previously that feeding stimulates the activity of PKB and that this effect is reduced with development (4). Since both the phosphorylation of Thr-308 and Ser-473 of PKB are needed for full activation of this enzyme (21), we determined PKB phosphorylation using a phospho-serine-antibody that recognizes all isoforms (phospho-PKB␣-Ser-473, phospho-PKB␤-Ser-474, and phospho-PKB␥-Ser-472), and a phospho-threonine-antibody that recognizes all isoforms (phospho-PKB␣-Thr-308, phospho-PKB␤-Thr-309, and phospho-PKB␥-Thr-305). The phosphorylation of Thr-308 of PKB was significantly higher in 7-compared with 26-d-old pigs ( Fig. 2A) . However, we did not detect any difference in the PKB phosphorylation at Ser-473 in the two age groups (Fig. 2B ). This suggests that in skeletal muscle of neonatal pigs, the phosphorylation of PKB at Thr-308, but not at Ser-473, regulates enzyme activity.
PDK-1 and ILK abundance, their association with PKB, and PDK-1 phosphorylation in skeletal muscle of neonatal pigs. The association of a kinase with its target is one of the crucial steps necessary for the kinase to phosphorylate its substrate (28, 29) . Therefore, we measured the abundance of PDK-1 and its association with PKB. The abundance of PDK-1, the kinase that facilitates the phosphorylation of PKB on Thr-308, was significantly higher in 7-compared with 26-d-old pigs (Fig. 3A) . To determine the association of PKB with PDK-1, we immunoprecipitated PKB from tissue homogenates using an antibody that recognize all isoforms. PKB immunoprecipitates were separated using SDS-PAGE followed by immunoblotting using an anti-PDK-1 antibody. Figure 4A shows that PDK-1 was present in PKB immunoprecipitates and that this kinase-substrate association was significantly higher in 7-compared with 26-d-old pigs. These data are consistent with the higher PKB phosphorylation at Thr-308 in 7-compared with 26-d-old pigs. To further confirm the role of PDK-1 in the activation of PKB phosphorylation at Thr-308, we determined the PDK-1 phosphorylation at Ser-241, a site that is crucial for PDK-1 enzyme activity (30) . As shown in Figure 4C , PDK-1 phosphorylation was markedly higher in Figure 1 . Determination of PKB isoform abundance in skeletal muscle of neonatal pigs. Equal amounts of protein were subjected to SDS-PAGE followed by immunoblot analysis with anti-PKB (total), PKB␣, PKB␤, or PKB␥. The abundance of (A) total PKB (all three PKB isoforms), (B) PKB␣ isoform, (C) PKB␤ isoform, and (D) PKB␥ isoform in skeletal muscle of 7-and 26-d-old pigs. Western blots are shown above each graph. Results are means Ϯ SE in arbitrary densitometric units (four animals per group) (*p Ͻ 0.05). A power test of analysis on data in C indicates that there is a 92% probability that both groups are not significantly different and that an equal sample size (for both groups) of 646 would be needed to obtain significance at p ϭ 0.05. and Thr-308 (B) were measured by Western blot analysis using antibodies that recognize PKB only when Ser-473 or Thr-308 is phosphorylated. Western blots are shown above each graph. Results were normalized by dividing arbitrary unit of phospho-PKB with arbitrary unit of total PKB in the samples. Results are means Ϯ SE in arbitrary densitometric units (four animals per group) (*p Ͻ 0.05). A power test of analysis on data in B indicates that there is an 86% probability that both groups are not significantly different and that an equal sample size (for both groups) of 66 would be needed to obtain significance at p ϭ 0.05. Although the role of PDK-1 in stimulating PKB phosphorylation at Thr-308 is well established (31) , the kinase that is responsible for PKB phosphorylation at Ser-473 is still controversial (32, 33) . One possible candidate that has been implicated in this role is ILK (34) . As shown in Figure 3B , ILK abundance was similar in 7-and 26-d-old pigs. We also found that ILK was present in PKB immunoprecipitates (Fig. 4B) , indicating an association between these proteins. Consistent with the data for PKB phosphorylation at Ser-473, the association of ILK with PKB was similar in both age groups. These results demonstrate the differential role of PKB phosphorylation at Ser-473 and Thr-308 in the regulation of PKB enzyme activity in vivo.
DISCUSSION
Recent studies from our laboratory have shown an enhanced activation of the insulin-signaling pathway leading to translation initiation in skeletal muscle of the neonatal pig after food consumption (2, 4, 5) . This feeding-induced activation of the insulin receptor, IRS-I, PI 3-kinase, and protein kinase B decreases with development in parallel with the developmental decline in the feeding-induced activation of translation initiation factors that regulate the binding of mRNA to the 43S ribosomal complex. These developmental changes parallel the developmental changes in the ability of feeding and insulin infusion to stimulate protein synthesis and are specific to skeletal muscle (1, 7, 35) . Because of the profound developmental decline in the feeding-induced activation of the insulinsignaling cascade, including the enzyme activity of PKB (4), it was crucial that we ascertain the mechanism involved in this developmental decline in PKB activation. Furthermore, since genetic and biochemical studies have suggested differential functions of PKB isoforms (18,26,36,37) , we determined the effect of development on PKB isoform abundance in neonatal pigs.
We found that all three PKB isoforms were expressed in skeletal muscle of neonatal pigs. Although studies in muscle cell culture (26) and adult animals (27) observed the expression of three PKB isoforms, to the best of our knowledge, this is the first study that documented a developmental change in two PKB isoforms (PKB␣ and PKB␥) in skeletal muscle. The developmental change in PKB␣ abundance parallels the decline in muscle protein synthesis and supports the early observations in PKB␣-null mice that indicate that PKB␣ is a regulator of animal growth (17) . Furthermore, Faridi et al. (38) reported recently that the expression of constitutively active PKB␣ and PKB␥ in MCF-7 cells and H4IIE rat hepatoma cells, respectively, increased cell size by approximately 2-fold. This doubling of cell size was achieved by a PKB-induced stimulation of protein synthesis and inhibition of protein degradation. The results of the current study suggest that PKB␥ also has a potential role in the regulation of protein synthesis and cell growth in the whole animal. We also found that there was no effect of development on the abundance of PKB␤. Genetic studies using cell cultures (37) and intact mice (18, 39) suggest that PKB␤ plays a crucial role in the regulation of glucose metabolism. Our current data are consistent with our previous studies, which showed that the effect of development on amino acids disposal is much more profound than that for glucose (40) .
The phosphorylation of PKB at both Ser-473 and Thr-308 are required for full activation of PKB (21) . The contribution of each site is not equal. Studies have shown that although phosphorylation on Thr-308 alone is able to increase PKB activity, the phosphorylation of PKB on Ser-473 alone does not significantly stimulate the activity of this enzyme (19, 21) . Those observations are consistent with our results, which indicate that the enhanced PKB activity in neonatal pigs (4) is due to an increased phosphorylation of PKB on Thr-308, but not on Ser-473. However, our data also suggest that the PKB phosphorylation on both sites is required for the postprandialinduced PKB activation in neonatal pigs.
It is widely accepted that the molecular links between PI 3-kinase and PKB phosphorylation are phosphoinositidedependent kinases such as PDK-1 (41) . In this study, we found that PDK-1 abundance, PDK-1 phosphorylation at Ser-241, and PDK-1 association with PKB were significantly higher in 7-compared with 26-d-old pigs. Because a specific-site mutation study showed that Ser-241 is a crucial site for PDK-1 activity (30), our current observations indirectly indicate that PDK-1 activity is also higher in 7-compared with 26-d-old pigs. All of these results are consistent with our finding that Figure 4 . Evaluation of the association of PKB with PDK-1 and with ILK and the phosphorylation of PDK-1. The protein-protein interaction between PKB and PDK-1 (A) and between PKB and ILK (B) was determined by immunoprecipitation using anti-PKB followed by Western blot analysis with anti-PDK-1 or anti-ILK, respectively. Results were normalized by dividing arbitrary units of PDK-1-PKB or ILK-1-PKB with arbitrary units of total PKB in immunoprecipitates. PDK-1 phosphorylation on Ser-241 (C) was measured by Western blot analysis using antibody that recognizes PDK-1 only when Ser-241 is phosphorylated. Results were normalized by dividing arbitrary unit of phospho-PDK-1 with arbitrary unit of total PDK-1 in the samples. Results are means Ϯ SE in arbitrary densitometric units (four animals per group) (*p Ͻ 0.05). A power test of analysis on data in B indicates that there is a 91% probability that both groups are not significantly different and that an equal sample size (for both groups) of 240 would be needed to obtain significance at p ϭ 0.05.
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PKB phosphorylation at Thr-308 is higher in muscle of 7-than in 26-d-old pigs. The molecular mechanism by which kinase(s) phosphorylate PKB at Ser-473 site is still debatable (32, 33) . Recent evidence suggests that ILK directly or indirectly (as an adaptor protein) phosphorylates PKB at Ser-473 (42) (43) (44) . Using human platelets, Barry and Gibbins (45) demonstrated that ILK physically associates with PKB and speculated that a tertiary complex between PDK-1, ILK, and PKB was necessary for PKB activation. Our results show that neither ILK abundance nor ILK association with PKB was significantly different in 7-and 26-d-old pigs, consistent with the lack of effect of age on PKB phosphorylation at Ser-473.
In summary, we found that all three PKB isoforms were expressed in neonatal skeletal muscle but that only PKB␣ and PKB␥ forms were developmentally regulated. Because the rates of muscle growth and protein synthesis decrease with development and PKB␣-null mice exhibit retarded growth (17) , it seems likely that it is the ␣ isoform, rather than the ␤ isoform of PKB, that regulates muscle protein synthesis. Our studies also suggest that the developmental decline in PKB activity in muscle that we previously reported (4) is likely due to a developmental decline in the phosphorylation of PKB on Thr-308, rather than Ser-473. The developmental decline in PDK-1 abundance, association of PKB with PDK-1, and phosphorylation of PKD-1 at Ser-241 likely contribute to the developmental change in PKB activity. On the other hand, the abundance of ILK and its association with PKB do not appear to be developmentally regulated, consistent with the lack of developmental change in PKB phosphorylation at Ser-473, a purported site of ILK action. These results represent novel findings of the developmental regulation of PKB and suggest that PKB plays an important role in the enhanced activation of the insulin signaling pathway leading to translation initiation in skeletal muscle of the neonate. The enhanced activation of these signaling components likely contribute to the efficient utilization of nutrients for growth and rapid gain in protein mass in skeletal muscle of the neonate.
